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Identifying nutrients available in the environment and utilizing them in the most efficient manner is a challenge common to all organisms. The model filamentous fungus Neurospora crassa is capable of utilizing a variety of carbohydrates, from simple sugars to the complex carbohydrates found in plant cell walls. The zinc binuclear cluster transcription factor CLR-1 is necessary for utilization of cellulose, a major, recalcitrant component of the plant cell wall; however, expression of clr-1 in the absence of an inducer is not sufficient to induce cellulase gene expression. We performed a screen for unidentified actors in the cellulose-response pathway and identified a gene encoding a hypothetical protein (clr-3) that is required for repression of CLR-1 activity in the absence of an inducer. Using clr-3 mutants, we implicated the hyperosmotic-response pathway in the tunable regulation of glycosyl hydrolase production in response to changes in osmolarity. The role of the hyperosmotic-response pathway in nutrient sensing may indicate that cells use osmolarity as a proxy for the presence of free sugar in their environment. These signaling pathways form a nutrient-sensing network that allows N. crassa cells to tightly regulate gene expression in response to environmental conditions. MAP kinase cascade | carbon metabolism | hyperosmotic response | carbon catabolite repression | plant biomass degradation A ccurately sensing and responding to nutrients is a challenge common to all organisms. Complex signaling networks have evolved to efficiently deploy resources required to harvest and utilize nutrients with the least energy expended by the cell. In humans, inaccurate nutrient sensing can result in type II diabetes and obesity (1) . Mutations in nutrient-sensing pathways also play a role in cancer progression, since rapid growth of tumors causes physiological changes that result in abnormal nutrient requirements and utilization (2) . In fungi, inaccurate nutrient sensing and signaling can result in slow growth or an inability to appropriately utilize nutrients in the environment (3) .
Saprophytic filamentous fungi are capable of consuming a wide variety of carbohydrates from simple sugars to the complex carbohydrates found in plant cell walls. Utilization of these complex carbohydrates requires the cell to activate expression of genes encoding secreted enzymes that degrade insoluble carbohydrates into sugars that can be subsequently imported into the cell (3) . If these enzymes are not produced, the cell cannot utilize these complex carbon sources (4) (5) (6) . However, production of such enzymes when preferred carbon sources are present results in a competitive disadvantage (7) . Thus, filamentous fungi have evolved a complex nutrient-sensing network that queries the state of the environment to activate expression of these enzymes only when complex carbohydrates are present and preferred carbon sources are absent (8) (9) (10) . In this study, we use the cellulolytic response of the filamentous fungus Neurospora crassa as a model to investigate the interplay of various signaling pathways that regulate the cellular response to preferred and nonpreferred carbon sources.
Cellulose, the major component of the plant cell wall, is a polymer of β-(1-4)-linked glucose units that is highly recalcitrant to degradation. In fungi that can utilize cellulose, lignocellulolytic gene expression is repressed when preferred carbon sources are present through a process known as "carbon catabolite repression" (11) . There are several transcription factors involved in carbon catabolite repression (3) . The best studied is the zinc finger transcription factor cre-1 (NCU08807), the N. crassa ortholog of Saccharomyces cerevisiae MIG1 (12, 13) . CRE-1 represses the expression of cellulase genes in response to a range of simple sugars, including glucose, and products of cellulose degradation, such as the disaccharide cellobiose (14) .
When cellulose is present in the absence of preferred carbon sources, the induction of cellulolytic genes in N. crassa is dependent on two zinc binuclear cluster transcription factors: clr-1 (NCU07705) and clr-2 (NCU08042) (Fig. S1A) (4) . In the absence of an inducer, clr-1 is expressed but unable to activate the expression of cellulase genes. When an inducer, such as a degradation product of cellulose, is present, CLR-1 activates the expression of a small number of genes, including several β-glucosidases and the transcription factor clr-2 (4). CLR-2 is responsible for the majority of cellulase gene expression (15) . Deletion of either clr-1 or clr-2 abolishes the cellulolytic response and eliminates the ability of N. crassa cells to utilize cellulose as a carbon source (4) . Constitutive expression of clr-2 results in the activation of cellulase gene expression even in the absence of an inducer (15) . However, expression of clr-1 in the absence of an
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inducer is not sufficient to elicit the full cellulolytic response, leading us to hypothesize that there could be additional, unidentified genes involved (4) .
To test this hypothesis, we screened for mutants that activated the cellulolytic response in the absence of an inducer. From this screen, we identified a repressor of CLR-1 activity, which we named "clr-3." Deletion of clr-3 resulted in CLR-1-dependent cellulase gene expression in the absence of an inducer. Further analysis of mutants identified in the screen led to the discovery that the hyperosmotic response (OS) MAP kinase pathway is involved in the cellulolytic response in N. crassa.
Our data support a model in which the regulation of cellulase gene expression is the result of the integration of a range of environmental inputs, which are transmitted via nutrient-sensing pathways. One of these is the OS pathway, which we hypothesize uses osmolarity to sense the presence of free, soluble sugar, as opposed to insoluble, crystalline carbon sources found in plant cell walls. Together with genes, such as cre-1, involved in carbon catabolite repression, clr-3, working through the transcription factor clr-1, and the OS pathway form a nutrient-sensing network that transmits information about available nutrients to tightly regulate the expression of genes necessary to consume nonpreferred carbon sources.
Results CLR-3 Acts Through CLR-1 to Repress the Cellulolytic Response. Activation of cellulase gene expression in N. crassa requires CLR-1 and CLR-2 ( Fig. S1A) (4) . Expression of clr-2 is directly regulated by CLR-1, and constitutive expression of clr-2 is sufficient to activate the cellulolytic response (15, 16) . However, transcription of clr-1 does not result in the activation of cellulase gene expression in the absence of an inducer (4) .
To identify additional regulators of the cellulolytic response, we placed a hygromycin-resistance marker (Hyg R ) under the regulation of the pmo-4 (NCU01050) promoter, which is bound by both CLR-1 and CLR-2 and is activated in response to cellulose (Fig. S1A) (16) . Wild-type cells containing the P pmo-4 -Hyg R construct grew when exposed to medium containing the inducer carboxymethyl cellulose (CMC) and hygromycin. However, when these cells were exposed to a noninducing carbon source, such as xylan, growth was inhibited when hygromycin was added (Fig. S1B) . We mutagenized the P pmo-4 -Hyg R strain using the chemical mutagen N-methyl-N-nitro-N-nitrosoguanidine (NTG) and screened for mutants able to grow on medium containing xylan and hygromycin (Fig. S1B) .
We first characterized two mutants, M13 and M201, and confirmed that these two mutants expressed cellulases even in the absence of an inducer. To mitigate possible effects caused by differential growth speed in media containing different carbon sources, we grew M13 and M201 cells in medium containing sucrose as the sole carbon source and then washed and transferred the mycelial mass to medium containing an inducing carbon source (cellulose), a noninducing, nonrepressing carbon source (xylan), or starvation conditions [Vogel's salts (17) lacking a carbon source]. Secreted cellulase activity was measured 72 h posttransfer. To identify the causative mutations in M13 and M201 that resulted in cellulase activity in the absence of an inducer, we used bulked segregant analysis followed by Illumina sequencing.
Analysis of sequencing data of the bulk progeny pools showed that both M13 and M201 contained nonconservative missense point mutations in conserved regions in a hypothetical protein, NCU05846 (Fig. S2A ). These were the only mutations in coding regions present exclusively in progeny that exhibited inappropriate cellulase secretion. Both mutants exhibited a modest amount of secreted cellulase activity in the absence of an inducer but wild-type levels of secreted cellulase activity in the presence of cellulose (Fig. 1A) . A strain carrying a full deletion of NCU05846 exhibited an identical cellulase-secretion phenotype, which was complemented by expressing NCU05846 at the his-3 locus (Fig.  1A) . N. crassa cells are multinucleate, and it is possible to make heterokaryons with genetically different nuclei. To assess complementation of the cellulase phenotype in M13 and M201, we forced heterokaryons between the mutants and cells that were either deleted or wild type for NCU05846 (Fig. S2B ). (M13 + ΔNCU05846) and (M201 + ΔNCU05846) heterokaryons failed to complement the inappropriate cellulase-secretion phenotype (Fig. S2C) . However, when heterokaryons were made by mixing M13 or M201 with cells wild type at the NCU05846 locus, the expression of cellulases under noninducing xylan conditions was significantly reduced (P < 2 × 10 −3 ) (Fig. S2C ). These data indicated that mutations in NCU05846 were causative for the cellulase-secretion phenotype; we therefore named NCU05846 "clr-3" for "cellulose degradation regulator-3."
The clr-3 promoter is bound by both CLR-1 and CLR-2, and clr-3 expression is up-regulated in the presence of cellulose (4, 16) . The CLR-3 protein included a domain of unknown function (DUF1479) with orthologs in sordariomycete species (Fig. S2) . The CLR-3 protein family appeared to have undergone duplication and loss, with a variable number of DUF1479-containing paralogs in the genomes of ascomycete and basidiomycete species. The N. crassa genome also contained a clr-3 paralog, NCU02600, whose expression is up-regulated in the presence of cellulose (Fig. S2D) (4) . To determine whether NCU02600 is involved in regulating cellulase gene expression, we measured the secreted cellulase activity of cells lacking NCU02600. No differences in the secreted cellulase activity of ΔNCU02600 cells compared with wild-type cells or any combinatorial effects of deleting both clr-3 and NCU02600 were detected (Fig. S2C) .
Because changes in the secreted cellulase activity of the Δclr-3 mutant could be due to defects in any aspect of cellulase production, from mRNA abundance to protein secretion, we asked whether clr-3 was responsible for regulating cellulolytic gene expression. We grew wild-type and Δclr-3 cells in medium containing sucrose as the sole carbon source and subsequently exposed these cells to either the noninducing carbon source xylan or starvation for 10 h. qRT-PCR was performed on RNA isolated from these cultures for two genes whose expression is known to be activated during the cellulolytic response: clr-2 and cbh-1 (NCU07340) (4). In wild-type cells, expression of clr-2 is regulated by CLR-1, and expression of the cellulase gene cbh-1 is activated by both CLR-1 and CLR-2 (4, 16) . Under xylan conditions, cells lacking clr-3 showed a 56% increase in clr-2 expression (P = 6 × 10
) and a 70-fold increase in cbh-1 expression (P = 4 × 10
) compared with wild-type cells (Fig. 1B) . The difference in the expression of clr-2 and cbh-1 in wild-type and Δclr-3 cells during starvation conditions was even more pronounced, with a 16-fold increase in clr-2 expression (P = 3 × 10
) and a 396-fold increase in cbh-1 expression (P = 6 × 10 −5 ) (Fig. 1B) . These data indicated that clr-3 regulates cellulase gene expression at the level of transcript abundance.
It is possible that CLR-3 acts through the CLR-1/CLR-2 cellulase-induction pathway or, alternatively, it could function in an as-yet unidentified cellulase-regulation pathway. Because deletion of clr-3 caused inappropriate expression of clr-2, we hypothesized that CLR-3 repressed the expression of cellulase genes in a CLR-1-dependent fashion (4, 16) . In support of our hypothesis, cells that lacked both clr-1 and clr-3 were unable to secrete cellulases even in the presence of cellulose, indicating that deletion of clr-3 was unable to suppress the Δclr-1 phenotype ( Fig. 2A) . Additionally, constitutive overexpression of clr-1 in combination with Δclr-3 resulted in a fourfold increase in secreted cellulase activity during exposure to xylan (P = 3 × 10 ) compared with overexpression of clr-1 in an otherwise wild-type background ( Fig. 2A) . These data indicated that CLR-3 acts through the CLR-1/CLR-2 pathway to repress the expression of cellulases in the absence of cellulose.
To provide further evidence that CLR-3 acts upstream of CLR-1 activation, we investigated the effect of deleting clr-3 on the transcriptome of N. crassa. Previous studies used ChIP sequencing (ChIP-seq) and RNA sequencing (RNA-seq) to identify the genes whose promoters are bound by CLR-1 and whose expression is activated in a CLR-1-dependent manner (4, 16) . Our cellulase activity data ( Fig. 2A) indicated that Δclr-1 was epistatic to Δclr-3, leading us to hypothesize that cells lacking clr-3 will up-regulate the expression of genes whose promoters are bound by and whose expression is regulated by CLR-1. Analysis of RNA-seq data showed that all but one of the genes whose promoters are bound by CLR-1 were significantly up-regulated in Δclr-3 cells compared with wild-type cells during starvation conditions (Fig. 2B and Dataset S2). A more comprehensive analysis of the transcriptome showed that the expression of 72 genes was up-regulated (more than fourfold) in Δclr-3 cells compared with wild-type cells at both 4 h and 10 h posttransfer to starvation (clr-3 regulon), and the expression of all but six of these genes was also activated during exposure to the crystalline cellulose substrate Avicel (Avicel regulon) ( Fig. 2C and Dataset S3) (4, 16) . This 66-gene set was highly enriched for genes bound by either CLR-1 or CLR-2 compared with the Avicel regulon as a whole (Fig. 2D and Dataset S2). These data indicated that CLR-3 acts to repress the action of CLR-1 in the absence of an inducer.
The Hyperosmotic-Response Pathway Regulates Cellulase Gene Expression. Cellulase activity of Δclr-3 cells in the absence of an inducer was significantly (more than fivefold) less than that of wild-type cells exposed to cellulose (P < 10 −103 ), indicating that other repression or activation mechanisms must be involved in cellulase induction (Fig. 1A) . One of the mutants identified in the screen, M211, had significantly increased secreted cellulase activity under noninducing conditions compared with Δclr-3 cells (P < 3.1 × 10
) (Fig. S3A ). When backcrossed, this mutant segregated into two groups of progeny with inappropriate cellulase production ( Fig. S3 A and B) . Progeny in the first group (M211 Moderate) were morphologically indistinguishable from both wildtype and Δclr-3 cells and produced cellulases at levels comparable to Δclr-3 cells (Fig. S3 A and B) . The second group of progeny (M211 High) had a distinct morphological phenotype that was similar to that of the original M211 mutant and exhibited significantly increased cellulase production compared with Δclr-3 cells under noninducing conditions (P < 6.2 × 10 −15 ) ( Fig. S3 A and B) . We used bulked segregant analysis and Illumina sequencing to identify a large chromosomal deletion that included clr-3 in both the M211 Moderate and M211 High progeny (Dataset S4). Further analysis of the M211 High bulk progeny genomic sequences showed a substantial number of additional point mutations, including a missense mutation in os-1 (NCU02815), os-1
R572H
, which is a histidine kinase in the OS pathway (Dataset S4) (18) . Histidine kinases are known to transmit information about environmental stimuli through signal-transduction pathways, and the OS-1 R572H mutation is in the sensor domain of this protein, specifically in the semistructured connector between the two α-helices of the HAMP domain (present in histidine kinases, adenyl cyclases, methyl-accepting proteins, and phosphatases) (19, 20) .
The N. crassa OS pathway is homologous to the S. cerevisiae high-osmolarity glycerol (HOG) pathway and was identified for its role in responding to hyperosmotic shock (21, 22) . In N. crassa, hyperosmolarity activates the histidine kinase OS-1, which works through a response regulator and a histidine phosphotransferase to activate the OS MAP kinase cascade [os-4 (NCU03071), os-5 (NCU00587), and os-2 (NCU07024)] (18, (23) (24) (25) (26) . When activated by hyperosmotic shock, the MAP kinase OS-2 activates the basic leucine zipper domain transcription factor ASL-1 (NCU01345) and other unknown transcription factors, which are responsible for activating the expression of osmoresponsive genes (Fig. 3A) (27) .
Because the morphological phenotype of the M211 High mutant progeny was similar to that of OS pathway mutants, we hypothesized that the OS pathway mutation was responsible for the increased cellulase activity secreted by the M211 mutants ( Fig. S3B ). To test this hypothesis, we constructed (M211 + Δclr-3) and (M211 + Δos-1 Δclr-3) heterokaryons and determined their cellulase phenotype (Fig. S3C ). As expected, the cellulasesecretion phenotype of the (M211 + Δclr-3) heterokaryon was indistinguishable from that of Δclr-3 cells (Fig. S3D) . However, the secreted cellulase activity of the (M211 + Δos-1 Δclr-3) heterokaryon was sevenfold higher than that of the (M211 + Δclr-3) heterokaryon during starvation conditions (P = 3 × 10 −5 ) (Fig. S3D ). These data indicated that the os-1 mutation is at least partially responsible for the increased cellulase activity of the M211 mutant, although we cannot rule out the possibility that other mutations in this strain are contributing to its inappropriate cellulase secretion.
To assess the role of the OS pathway in cellulase regulation, we tested strains carrying deletions of members of the OS pathway alone and when these OS mutations were combined with Δclr-3. Deletions of members of the OS pathway in an otherwise wild-type background did not have a significant effect on cellulase production (Fig. 3B) . However, in a Δclr-3 background, deletions of members of the OS MAP kinase cascade showed significantly increased cellulase activity compared with Δclr-3 cells in noninducing conditions, with a twofold increase on xylan and a 10-fold increase under starvation conditions (P < 2.1 × 10 −15 ) (Fig. 3B ). To confirm that activation of the OS-2 MAP kinase was required for proper cellulase regulation, we constructed a kinase-dead os-2 allele by mutating residues homologous to residues necessary for activation of the S. cerevisiae Hog1 MAP kinase (T171 and Y173) to alanine (os-2 T171A Y173A ) (28, 29) . Cells that expressed the kinase-dead os-2 T171A Y173A allele in combination with Δclr-3 showed secreted cellulase activity at levels comparable to Δos-2 Δclr-3 cells when exposed to cellulose, xylan, or starvation conditions (Fig. 3B) .
To ensure that this increase in secreted cellulase activity was due to changes in the transcript abundance of genes involved in the cellulolytic response rather than a translational or posttranslational effect, we measured the expression of clr-2 and cbh-1 in Δos-2 Δclr-3 cells. Deletion of os-2 in combination with Δclr-3 had very little effect on clr-2 and cbh-1 transcript abundance when cells were exposed to xylan. However, under starvation conditions a threefold increase in clr-2 expression (P = 3 × 10
) and a fourfold increase in cbh-1 expression (P = 4 × 10 −7
) was observed, indicating that the OS MAP kinase pathway acted at the transcript level to regulate the cellulolytic response, particularly under starvation conditions (Fig. 3C) .
Previous studies showed that the histidine kinase OS-1 is at least partially responsible for activating the OS MAP kinase cascade in response to hyperosmolarity (18, 30) . We hypothesized that OS-1 would play a similar role in the regulation of cellulase expression. However, deletion of os-1 in combination with clr-3 caused a threefold reduction in secreted cellulase activity under starvation conditions compared with Δclr-3 cells (P = 7.6 × 10
) (Fig. 3B) . Deletion of os-1 had an even more dramatic effect on cellulolytic gene transcript abundance. Transcript levels of clr-2 and cbh-1 were decreased by ninefold and 89-fold, respectively, in Δos-1 Δclr-3 cells under starvation conditions compared with Δclr-3 cells (P < 6 × 10
) (Fig. 3C) . Additionally, when exposed to xylan, Δos-1 Δclr-3 cells showed a 21-fold decrease in cbh-1 expression compared with Δclr-3 cells (P = 6 × 10 −5 ) (Fig. 3C ).
Because the role of OS-1 appeared to oppose that of the OS MAP kinase pathway with respect to cellulase regulation under starvation conditions, in contrast to its role in OS MAP kinase pathway activation under hyperosmotic conditions (23) (24) (25) 30) , we hypothesized that the epistatic relationship between OS-1 and the OS MAP kinase cascade might also differ in these two conditions. To test this, we deleted os-1 and os-4 in combination with clr-3. The pattern of secreted cellulase activity of Δos-1 Δos-4 Δclr-3 cells was indistinguishable from that of Δos-4 Δclr-3 cells, suggesting that, as during the response to hyperosmotic shock, the histidine kinase OS-1 was upstream of the MAP kinase kinase kinase OS-4 during the response to starvation (Fig. 3B) .
In N. crassa, the basic leucine zipper transcription factor ASL-1 regulates the expression of some OS-2-dependent genes; however, deletion of asl-1 does not cause sensitivity to hyperosmotic shock, and not all OS-2-dependent genes are regulated by ASL-1, implying that the OS pathway also works through other, unknown transcription factors to regulate gene expression (27) . To test the possibility that regulation of cellulase gene expression by the OS pathway was mediated by ASL-1, we measured the secreted cellulase activity of cells lacking asl-1. As with deletion of members of the OS pathway, deletion of asl-1 in an otherwise wild-type cell had no effect on secreted cellulase activity under any of the conditions we tested (Fig. 3B) . However, unlike deletion of members of the OS pathway, cells lacking asl-1 and clr-3 showed a level of secreted cellulase activity that was indistinguishable from that of Δclr-3 cells, indicating that the OS pathway does not act through asl-1 to regulate cellulases (Fig. 3B) .
There are two possible mechanisms for the regulation of cellulase gene expression by the OS pathway. One possibility is that clr-3 and the OS pathway work in the same pathway to derepress CLR-1 activity. Alternatively, the OS pathway could play a role more similar to that of carbon catabolite repression and regulate cellulases through an independent pathway. To distinguish between these two possibilities, we used RNA-seq to investigate the role of the OS pathway in responding to starvation, the nutrient condition in which the OS pathway appeared to have the greatest role in regulating cellulase expression. The OS pathway had the largest phenotypic effect on cellulase production in cells lacking clr-3, so we first investigated the transcriptomes of Δos-1 Δclr-3 and Δos-2 Δclr-3 cells. Consistent with secreted enzyme activity, of the 215 genes in the Avicel regulon, 104 were significantly (more than twofold) down-regulated in Δos-1 Δclr-3 cells, and 69 were significantly (more than twofold) up-regulated in Δos-2 Δclr-3 cells compared with Δclr-3 cells (Fig. 3D and Dataset S2). In contrast, only four genes in the Avicel regulon were significantly (more than twofold) up-regulated in Δos-1 Δclr-3 cells, and only 11 genes were significantly down-regulated in Δos-2 Δclr-3 cells compared with Δclr-3 cells (Fig. 3D and Dataset S2). These data indicated that the OS pathway has a global effect on cellulase gene expression under starvation conditions.
We hypothesized that genes regulated by os-1 and os-2 that were not in the Avicel regulon might provide a clue as to whether the OS pathway regulated cellulase expression in the same pathway as clr-3 or through a separate pathway. Corroborating the secreted cellulase activity, deletion of either os-1 or os-2 alone did not have a significant effect on the expression of the vast majority of genes in the Avicel regulon ( Fig. 3D and Dataset S2). However, to our surprise, 55 genes that were significantly (more than fourfold) up-regulated in Δos-2 cells compared with wild-type cells (os-2 starvation regulon) were also differentially expressed in Δclr-3 cells compared with wild-type cells after exposure to starvation for 10 h (clr-3 10 h regulon). If clr-3 and os-2 were working through the same pathway, the expression level of these genes should be similar in single clr-3 and os-2 mutants and in Δos-2 Δclr-3 cells. However, if clr-3 and os-2 were working through separate pathways, it was likely that deletion of both clr-3 and os-2 would result in an additive effect. Analysis of the transcriptomes of Δos-2 Δclr-3 cells showed that nearly all the genes in both the os-2 starvation regulon and the clr-3 10 h regulon were significantly (more than twofold) up-regulated compared with deletions of either os-2 or clr-3 alone, indicating that os-2 and clr-3 act in separate pathways ( Fig. 3E and Dataset S3).
One gene of particular interest that was up-regulated in both Δclr-3 and Δos-2 cells compared with wild-type cells after 10 h exposure to starvation was the invertase gene (NCU04265), which is necessary for the consumption of sucrose, with a fivefold increase in transcript abundance in Δos-2 cells compared with wild-type cells during starvation (Dataset S3) (31) . This upregulation may indicate that os-2 has a general role in repressing genes involved in the consumption of nonpreferred carbon sources when conditions are not favorable to producing these proteins. If the OS pathway is involved in the general regulation of genes necessary for the utilization of nonpreferred carbon sources as opposed to a specific role in cellulase regulation, deletion of os-2 should significantly affect the production of other enzymes, such as xylanases. To test this hypothesis, we deleted os-2 in cells that expressed a constitutively active version of the transcription factor xlr-1 (NCU06971) (P ccg-1 -xlr-1 A828V ), which is responsible for activating the expression of xylanase genes in the presence of xylan (5, 16) . We observed a greater than twofold increase in xylanase secretion during starvation conditions in P ccg-1 -xlr-1 A828V Δos-2 cells compared with P ccg-1 -xlr-1
), indicating that the effect of the OS pathwaymediated response to starvation is not limited to cellulase gene regulation (Fig. 3F) .
The OS Pathway Exhibits Tunable Regulation of Cellulase Expression in Response to Changes in Osmolarity. The OS pathway mediates responses to hyperosmolarity, oxidative stress, and heat stress by regulating the expression of an overlapping set of genes (22, 24, 32) . It is possible that the OS pathway mediates a general stress response to a variety of stresses, including the nutrient stress experienced by cells exposed to starvation and poor carbon 
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sources, whose physiological effect on the cell is mitigated by the regulation of a core set of stress-response genes. An alternative hypothesis is that the OS pathway-mediated response to starvation is a hypoosmotic response to the low osmolarity that results from a lack of soluble sugar in the environment.
To distinguish between these two hypotheses, we first analyzed the expression of gcy-1 (NCU04923), a gene involved in the production of glycerol in response to hyperosmotic shock, using qRT-PCR under hyperosmotic and starvation conditions (32) . Corroborating previous results, we saw a ninefold OS-2-dependent increase in gcy-1 transcript abundance after a 2-h exposure to hyperosmotic shock caused by the addition of 1 M NaCl compared with osmonormal conditions; this increased expression was sustained, albeit at a reduced level, for up to 10 h (P < 10 −4 ) (Fig. 4A) . However, there was no increase in gcy-1 transcript abundance after exposure to starvation compared with osmonormal conditions with sucrose as the sole carbon source (Fig. 4A) . To confirm that gcy-1 expression was dependent on the osmolarity of the environment even in the absence of a carbon source, we increased the solute concentration in medium lacking a carbon source from 16 mM to 1,288 mM. The transcript abundance of gcy-1 in wild-type cells was dependent on osmolarity and increased to levels comparable to those observed in medium containing sucrose + 1 M NaCl (P = 2 × 10 −4 , df = 1, F = 33, one-way ANOVA) (Fig. S4A) . These data indicated that the response to starvation does not activate processes, such as glycerol production, that are instrumental in the OS pathwaydependent response to hyperosmotic shock.
Since the OS pathway was not activating a general stress response in response to starvation, we hypothesized that the OS pathway regulates cellulase expression in response to changes in osmolarity. We tested this hypothesis in two complementary ways: by observing the effect of low osmolarity on cells whose cellulose response is derepressed and by increasing the osmolarity of the environment of cells with a strongly induced cellulose response to levels at which gcy-1 expression was significantly activated.
Assuming complete dissociation of all salts, we calculated the osmolarity of the solutes in Vogel's salts, the N. crassa growth medium (17) , to be 161 mM. If cellulase production is regulated in response to osmolarity, reducing the concentration of Vogel's salts should result in increased cellulase activity. Since we wanted to distinguish the effects resulting from changing osmolarity on cellulase expression from those due to direct activation of the cellulose response by external carbon sources, we measured the secreted cellulase activity of Δclr-3, Δos-1 Δclr-3, and Δos-2 Δclr-3 cells in medium lacking a carbon source. We reduced the concentration of Vogel's salts so that the resulting osmolarity was 16 mM and then increased the osmolarity with NaCl. As we increased the osmolarity of the medium from 16 mM to 161 mM, we saw a significant decrease in the secreted cellulase activity of Δclr-3 cells (P = 6 × 10
, df = 1, F = 31, one-way ANOVA) (Fig.  4B ). This result was significantly different from the pattern of secreted cellulase activity of either Δos-1 Δclr-3 or Δos-2 Δclr-3 cells (P < 0.01, df = 4, F > 3.7, two-way ANOVA) (Fig. 4B) . To control for potential effects caused by the addition of NaCl, we also changed the osmolarity of the medium by altering the concentration of Vogel's salts and observed a similar effect on Δclr-3 cells (P = 0.005, df = 1, F = 17, one-way ANOVA) (Fig.  S4B) . The cellulase activity of Δos-1 Δclr-3 cells was consistently low and that of Δos-2 Δclr-3 cells was consistently high across the various Vogel's concentrations (P < 0.02, df = 2, F > 2.4, twoway ANOVA) (Fig. S4B) . To confirm that this effect was due to regulation of cellulase gene expression by the OS pathway in Δclr-3 cells, we measured expression of clr-2 and cbh-1 as we increased the Vogel's concentration from 16 mM to 161 mM and saw a significant decrease in the transcript abundance of both genes (P < 8 × 10 −5 , df = 1, F > 68, one-way ANOVA) (Fig.  S4C ). This effect was not observed in Δos-2 Δclr-3 cells (P < 0.004, df = 2, F > 9, two-way ANOVA) (Fig. S4C) . These data indicated that cellulase expression in cells with a derepressed cellulose response is regulated by the osmolarity of the environment in an OS pathway-dependent fashion.
If osmolarity is serving as a proxy for the amount of soluble sugar in the environment, we would expect to see a similar effect in wild-type cells under inductive conditions as osmolarity is increased with NaCl. As predicted, we observed a significant decrease in the secreted cellulase activity of wild-type cells exposed to cellulose as we increased the salt concentration, culminating in a complete abolition of cellulase activity at 1 M NaCl (P = 8.0 × 10
, df = 1, F = 668, one-way ANOVA) (Fig. 4C) . To control for possible effects caused by high concentrations of NaCl, we also tested the secreted cellulase activity of cells lacking the three major extracellular β-glucosidases (ΔΔΔβ-glucosidase) (NCU00130, NCU04952, and NCU08755), which allowed the induction of cellulase gene expression when these cells were exposed to cellobiose (14) . Consistent with results of cultures with added NaCl, the secreted cellulase activity decreased in ΔΔΔβ-glucosidase cells as the concentration of the nonionic osmolyte cellobiose increased, an effect not due solely to carbon catabolite repression (P < 2.4 × 10 −9 , df = 1, F > 64, one-way ANOVA) (Fig. S4D) . Because cells lacking os-2 are extremely sensitive to increases in osmolarity, it was not possible to measure cellulase activity of Δos-2 cells when exposed to high concentrations of NaCl (22) . However, deletion of os-1 caused a significant insensitivity to NaCl concentration with respect to secreted cellulase activity, resulting in significantly higher secreted cellulase activity at higher concentrations of NaCl compared with wild-type cells (P = 1.5 × 10 −14
, df = 4, F = 28, two-way ANOVA) (Fig. 4C) . A similar dependence on OS-1 was seen in ΔΔΔβ-glucosidase Δos-1 cells exposed to increasing concentrations of cellobiose (P = 0.045, df = 3, F = 2.8, two-way ANOVA) (Fig. S4D) . These data indicated that cells regulate cellulase expression in response to osmolarity in an OS pathway-dependent fashion.
If cells are using osmolarity to regulate the expression of plant cell wall-degrading enzymes, it is possible that the effects of the OS pathway would be particularly noticeable after direct inoculation into a medium where the only carbon source is crystalline and thus does not affect the osmolarity of the medium. We tested this hypothesis by directly inoculating wild-type, Δos-1, and Δos-2 cells into medium containing cellulose as the sole carbon source and measuring secreted cellulase activity. Deletion of os-1 resulted in significantly decreased cellulase activity compared with wild-type cultures (P = 0.03, df = 4, F = 3, twoway ANOVA), while deletion of os-2 resulted in significantly increased cellulase activity compared with wild-type cultures (P = 10
, df = 4, F = 8, two-way ANOVA) (Fig. 4D) . These results indicated that the OS pathway plays a role in regulating glycosyl hydrolase expression immediately after colonization of a crystalline carbon source, such as cellulose. One of the genes in the os-2 starvation regulon was cre-1, which encodes a transcription factor that is a regulator of carbon catabolite repression (Fig. 5A and Dataset S3) (13) . Deletion of cre-1 increases activation of the cellulolytic response when preferred carbon sources, such as sugars released during the breakdown of cellulose, are present (11) . Because the expression of cre-1 appeared to be os-2 dependent, and CRE-1 represses cellulase gene expression, we asked whether the OS pathway worked through CRE-1 to repress the cellulolytic response.
To test whether CRE-1 is downstream of the OS pathway during cellulase regulation, we deleted cre-1 in combination with clr-3 and investigated whether the pattern of cellulase expression matched that of cells lacking clr-3 in combination with a member of the OS pathway. When exposed to xylan, cells lacking both cre-1 and clr-3 exhibited a twofold increase in cellulase activity compared with cells lacking clr-3 (P = 1.7 × 10 −19 ) (Fig. 5B) . Corroborating the cellulase activity data, we observed a 13-fold increase in clr-2 transcript abundance and a 28-fold increase in cbh-1 transcript abundance in Δcre-1 Δclr-3 cells compared with Δclr-3 cells (P < 4.8 × 10 −5 ) (Fig. 5C ). However, during starvation, secreted cellulase activity of Δcre-1 Δclr-3 cells was not significantly different from that of Δclr-3 cells (Fig. 5B) . Indeed, the transcript abundances of clr-2 and cbh-1 actually decreased by fourfold and eightfold, respectively, in Δcre-1 Δclr-3 cells as compared with Δclr-3 cells (P < 10 −3 ) (Fig. 5C ). The differences in cellulase expression in cells lacking clr-3 in combination with cre-1 as opposed to members of the OS pathway led us to wonder whether cre-1 and the OS genes were working through separate pathways to regulate cellulase gene expression. If true, we predicted that a strain carrying cre-1, os-5, and clr-3 mutations would show an additive effect for cellulase activity. As hypothesized, a Δcre-1 Δos-5 Δclr-3 strain showed a greater than 65% increase in secreted cellulase activity when exposed to xylan compared with either Δcre-1 Δclr-3 cells or Δos-5 Δclr-3 cells (P < 5.7 × 10 −7 ) (Fig. 5B) . These data supported the hypothesis that CRE-1 and the OS pathway function in separate pathways to regulate cellulase gene expression. To investigate this hypothesis further, we performed a global analysis of gene expression in Δcre-1 Δclr-3 compared with Δclr-3 cells and found that nearly 80% of the genes in both the clr-3 and Avicel regulons were significantly (more than twofold) downregulated in Δcre-1 Δclr-3 cells compared with Δclr-3 cells under starvation conditions (Fig. 3D and Dataset S2). Although the down-regulation of genes in the Avicel regulon in Δcre-1 Δclr-3 cells was reminiscent of cells lacking both os-1 and clr-3, further analysis of the RNA-seq data showed that, unlike in the transcriptome of Δos-1 Δclr-3 cells, the expression of 49 genes in the clr-3 10 h regulon, but not in the Avicel regulon, was increased by at least twofold in Δcre-1 Δclr-3 cells compared with Δclr-3 cells (Fig. 3E and Dataset S3). This pattern of gene expression was substantially different from that in cells lacking clr-3 and either os-1 or os-2, suggesting that cre-1 is not downstream of the OS pathway in the starvation response.
Our data indicated that the OS pathway regulates cellulase expression due to changes in solute concentration, while the transcription factor cre-1 regulates cellulase expression in response to the presence of preferred carbon sources (11) . To confirm that the OS pathway does not regulate cellulase expression in response to preferred carbon sources, we investigated the response of N. crassa to the nonhydrolysable glucose analog 2-deoxyglucose. When wild-type cells are exposed to medium containing 2-deoxyglucose in combination with a nonpreferred carbon source, such as cellulose, cells are unable to grow because the presence of 2-deoxyglucose represses the cellulolytic response (33) . We inoculated cells carrying deletions of cre-1, clr-3, os-1, and os-2 alone 
and in combination in medium containing either cellulose or cellulose with 2-deoxyglucose. All of these cells were able to grow in medium containing cellulose; however, the additional presence of 2-deoxyglucose prohibited the growth of cells lacking os-1, os-2, and/or clr-3 but not cre-1, suggesting that the OS pathway does not regulate cellulase gene expression in response to the chemical signature of preferred carbon sources (Fig. 5D ).
Discussion
Regulation of gene expression in response to nutrient availability requires cells to integrate signals from a variety of signaling pathways that query the state of the extracellular environment. The wide variety of carbohydrates utilized by saprophytic filamentous fungi makes these organisms an excellent model system to study nutrient-sensing networks. Using a forward genetic screen, we identified members of signaling pathways involved in both the direct activation of cellulase gene expression in response to cellulose and in general regulation of genes involved in the utilization of nonpreferred carbon sources. Our study revealed that CLR-3, a cellulase repressor, regulates the activity of the transcription factor CLR-1 in response to cellulose and that the OS pathway is involved in the regulation of genes required for the consumption of nonpreferred carbon sources. These pathways work together with other highly conserved pathways, such as the carbon catabolite-repression pathway, to form a nutrientsensing network that tightly regulates the expression of genes required for plant biomass utilization (Fig. 6 ).
clr-3 Encodes a Repressor of CLR-1 Activity. Induction of cellulase gene expression is accomplished by the transcription factors CLR-1 and CLR-2. Our data indicate that in the absence of cellulose CLR-3 represses the activity of CLR-1. When cellulose is present, the repressive activity of CLR-3 is relieved, and CLR-1 activates the expression of a small number of cellulases and other genes necessary for the utilization of cellulose, including the transcription factor clr-2 (Fig. 6 ). CLR-2 is responsible for activating the expression of the majority of cellulase genes (4, 15) . Our data indicate that CLR-3 acts to repress the activity of the transcription factor CLR-1 in the absence of an inducer. Although homologs of clr-1 occur throughout ascomycete species, the role of CLR-1 as the regulator of the cellulolytic response does not appear to be broadly conserved (3) . Thus, we hypothesize that functional orthologs of clr-3 may exist only in species in which CLR-1 regulates the cellulolytic response, consistent with the conservation of CLR-3 among sordariomycete species (Fig. S2D) . CLR-3 is a DUF1479-containing protein. Although proteins containing this domain exist in both prokaryotes and eukaryotes, their function is unknown. A recent study in Candida albicans showed that a gene encoding a DUF1479-containing protein, Gig2, is up-regulated in response to the sugar N-acetylglucosamine; Gig2 may bind the related sugar N-glycolylneuraminate or N-acetylneuraminate (34) . If Gig2 and CLR-3 function similarly, this observation may indicate a role for CLR-3 in binding a sugar molecule, such as cellobiose, or a derivative, thus, inactivating the repressive function of CLR-3. Identifying potential metabolites bound to CLR-3 may help clarify the soluble signaling molecule responsible for directly activating the cellulolytic response in N. crassa.
The OS Pathway Regulates the Expression of Genes Involved in the Utilization of Nonpreferred Carbon Sources in Response to Changes in
Osmolarity. The N. crassa OS pathway was initially identified for its role in responding to hyperosmotic shock but also has a more general role in cellular stress, including responses to heat stress, oxidative stress, circadian rhythm, and simultaneous exposure to heat stress and starvation (21, 24, 32, 35, 36) .
We identified a role for the OS pathway in the general regulation of genes involved in the utilization of nonpreferred carbon sources in response to changes in osmolarity. Deletion of members of the OS MAP kinase cascade results in increased expression of plant cell wall-degrading enzymes under noninducing conditions in cells with derepressed (hemi)cellulolytic responses. In Trichoderma reesei, cells lacking the orthologous os-2 MAP kinase (tmk3) show decreased cellulase production after direct inoculation into liquid culture. However, the Δtmk3 mutant shows severe pleiotropic growth defects, and Δtmk3 cells grown on solid medium do not show the same reduction in cellulase production (37) . The T. reesei hypercellulolytic mutant RUT-C30 shows defects in osmotic homeostasis (38) . Our work suggests that this osmotic defect may be partially responsible for the increased cellulase production of RUT-C30.
Several additional examples of a role for OS MAP kinase pathways in nutrient sensing exist. In mammalian neuronal cells, the p38 MAP kinase (orthologous to os-2) has been shown to regulate O-linked β-N-acetylglucosamine protein modifications, particularly in response to glucose deprivation (39) . In S. cerevisiae and C. albicans, the p38 MAP kinase ortholog Hog1 functions with the nutrient-sensing Kss1 MAP kinase to regulate morphological responses to the nonpreferred carbon source, galactose (40) . However, unlike the N. crassa OS pathway-mediated response to starvation, the S. cerevisiae Hog1-mediated response to the nonpreferred sugar galactose activates the expression of genes required for the response to hyperosmotic shock, including genes in the glycerol-production pathway (40) .
To our surprise, the upstream histidine kinase OS-1 has an opposing role in the regulation of genes involved in the consumption of nonpreferred carbon sources in N. crassa. Under starvation conditions, cells lacking os-1 and clr-3 show decreased cellulase gene expression compared with Δclr-3 cells. The role of OS-1 as a repressor of the OS MAP kinase cascade is consistent with the role of a homologous protein in S. cerevisiae, Sln1, a histidine kinase partially responsible for regulating the activation of Hog1 (41, 42) . However, previous studies in N. crassa indicate that OS-1 acts as an activator of the OS MAP kinase cascade during exposure to hyperosmotic shock (18, 30) . Additionally, OS-1 has been hypothesized to act as an osmosensor, perhaps via the HAMP domains found in group III hybrid histidine kinases (26, 43) . The differing roles for OS-1 in regulating cellulase expression in response to hyperosmotic shock versus starvation led us to hypothesize that the OS pathway could be responding to the changes in osmolarity caused by the presence or absence of soluble sugars to regulate the expression of genes involved in the consumption of nonpreferred carbon sources (Fig. 6) . Although we identified a role for the OS pathway in regulating the expression of cellulase genes in response to changes in osmolarity, there are still several unanswered questions about how this is accomplished. ASL-1 is the only transcription factor known to be downstream of the OS pathway in N. crassa. However, our data taken together with the observation that Δasl-1 cells are not sensitive to hyperosmolarity (27) indicate that other transcription factor(s) are likely involved in regulating the transcriptional response to changes in osmolarity. It will be the role of future studies to identify which transcription factor(s) or other downstream targets are activated by the OS pathway, whether any other genes are involved in mediating the phosphorylation of the OS pathway, and how that affects the regulation of genes involved in the consumption of nonpreferred carbon sources.
A Network of Nutrient-Sensing Pathways Regulates Cellulase Gene Expression. Our data support a model in which signals transmitted through multiple signaling pathways are integrated by the cell to regulate the expression of the (hemi)cellulolytic response. Genes encoding enzymes involved in plant biomass deconstruction must be both released from repression by transcription factors regulated by the presence of preferred carbon sources and activated by transcription factors that are regulated specifically by components of plant biomass, such as cellulose (Fig. 6) .
We hypothesize that the OS pathway uses the osmolarity of the environment as a proxy for the concentration of available soluble sugar to regulate the expression of genes required for the utilization of insoluble or otherwise nonpreferred carbon sources (Fig. 6) . When the histidine kinase OS-1 senses an increase in the osmolarity of the environment, it activates the OS MAP kinase cascade, which in turn recruits ASL-1 and other, unknown transcription factors to activate osmoresponsive gene expression to increase the internal osmolarity of the cell so that it matches the external osmolarity more closely (18, 32, 44) . Our data indicate that this OS pathway-mediated response also recruits an as-yet unknown component(s) to repress the expression of genes, such as cellulases, that are involved in the consumption of nonpreferred carbon sources. We hypothesize that, during starvation or initial inoculation onto an insoluble carbon source when no free sugar is available, OS-1 represses the activity of the OS MAP kinase cascade. This, in turn, releases the transcriptional inhibition of cellulase genes.
The OS pathway plays an important role in cellulase regulation. However, other pathways, such as the carbon catabolite-repression pathway, which signals through the transcription factor cre-1, also play a critical role in regulating cellulase expression (11) . Unlike the OS pathway, the carbon catabolite-repression pathway distinguishes between the types of carbohydrates available to regulate gene expression (3) . This may explain why cre-1 had a significant role in repressing cellulase gene expression when cells were exposed to the plant cell wall component xylan, while deleting either os-1 or os-2 in combination with clr-3 had very little effect on cellulase gene expression when xylan is the sole carbon source.
Our data indicate that the expression of cellulase genes in N. crassa is regulated by at least three distinct pathways: CLRmediated cellulase induction, the canonical carbon cataboliterepression pathway, which includes CRE-1, and the OS pathway. Further studies into the mechanisms by which these three pathways interact with each other and with other nutrient-sensing pathways to regulate cellulase gene expression could provide clues about how other eukaryotic nutrient-sensing networks interact. This approach could also lead to the identification of novel targets for battling infection by pathogenic fungi, since accurate nutrient sensing is required for the progression of mammalian disease caused by Aspergillus fumigatus infections (45) . Additionally, studies on nutrient sensing and cellulase production in saprophytic fungi have implications for increasing the production of plant cell wall-degrading enzymes, which can be harvested as part of a pipeline for the generation of second-generation biofuels and other high-value products.
Materials and Methods
N. crassa Strains and Culturing. The strains used in this study are listed in Table  S1 . All strains were derived from the wild-type reference strain Fungal Genetics Stock Center (FGSC) 2489 using standard genetic techniques and were confirmed by PCR and DNA sequencing (46, 47) . The only exceptions are the Δasl-1 strains. Details of their construction and the construction of heterokaryons can be found in SI Materials and Methods.
N. crassa cultures were grown on Vogel's minimal medium (VMM) with carbon sources added at 2% (wt/vol) unless otherwise noted (17) . Specifics of the carbon sources used can be found in SI Materials and Methods. Unless otherwise noted, cells were grown from freezer stocks on VMM + sucrose + 1.5% agar (Fisher Scientific) slants for 2 d at 30°C in the dark and 4 d at 25°C in constant light before inoculation into the indicated medium at 1 × 10 6 conidia/mL for all experiments.
Forward Genetic Screen. P pmo-4 -Hyg R conidia were harvested, washed, and resuspended in 25 mL PBS with NTG (TCI America) for 2 h before plating on VMM (without calcium) + 0.5% xylan + 0.11 M Tris (pH 8) + 262 μg/mL hygromycin B (Invitrogen) + 1.5% agar. Details of the mutagenesis procedure can be found in SI Materials and Methods. Hygromycin-resistant colonies were transferred to slants containing VMM + 0.5% xylan + 200 μg/mL hygromycin B.
To ensure that hygromycin resistance was due to inappropriate activation of the cellulolytic response, the cellulase activity of mutants grown on VMM + xylan was tested. Mutants that showed cellulase activity in the absence of an inducer were subjected to bulked segregant analysis.
DNA Sequencing and Bulked Segregant Analysis. Mutants that showed cellulase activity in the absence of an inducer were backcrossed to the parental P pmo-4 -Hyg R strain, and ascospore progeny were divided into mutant-like and parental-like pools. Genomic DNA isolation and bulked segregant analysis were modified from Heller et al. (48) . For details see SI Materials and Methods.
Enzyme-Activity and Gene-Expression Assays. Enzyme-activity assays and assays for gene expression were modified from Coradetti et al. (4) . For details see SI Materials and Methods.
RNA Sequencing and Transcript Abundance. Libraries were prepared from total RNA using standard Illumina protocols. RNA was sequenced on either an Illumina HiSeq. 2000 or 4000 system and analyzed using HiSat2 v2.0.5 (49) and Cufflinks v2.2.1 (50) . Details can be found in SI Materials and Methods.
Statistical Significance Tests. For RNA-seq data, experiments were done in biological triplicate, and statistical significance was determined using Cufflinks v2.2.1 (50) . For all qRT-PCR and secreted enzyme activity experiments at least three biological replicates were done. Biological replicates were independent cultures inoculated on either the same or independent days. The exact numbers for all qRT-PCR and secreted enzyme activity experiments are shown in Dataset S1. Statistical significance was determined using a two-tailed homoscedastic (equal variance) Student's t test unless otherwise noted. Values of bars and lines in bar and line graphs, respectively are the mean of the biological replicates, and error bars in all figures are SDs. Circles on bar and line graphs indicate the values of individual replicates.
Unless otherwise noted, carboxymethyl cellulase (CMCase) activity is shown relative to the CMCase activity present in the culture supernatant of wild-type cells 72 h posttransfer to VMM + cellulose, and clr-2 and cbh-1 expression is shown relative to the expression of these genes in wild-type cells exposed to VMM + xylan.
Data Availability. RNA-seq data used in this study were deposited in the Gene Expression Omnibus at the National Center for Biotechnology Information and are accessible through GEO series accession no. GSE95681. The numerical values used to generate all qRT-PCR and secreted-enzyme activity graphs are shown in Dataset S1. Hierarchical clustering was performed using the Cluster 3.0 software suite (bonsai.hgc.jp/∼mdehoon/software/cluster/software.htm) using the average linkage method with uncentered correlation as the similarity metric. Before clustering, FPKMs from each strain/ condition were averaged, log-transformed, and centered on the geometric mean across conditions.
The raw RNA-seq files from wild-type, Δclr-1, and Δclr-2 cells transferred to cellulose and P ccg-1 -clr-2 and wild-type cells transferred to starvation conditions for 4 h were taken from Coradetti et al. (4) and Coradetti et al. (15) and were subjected to the same data-processing pipeline as the RNA-seq data from this study (4, 15) . The zinc binuclear cluster transcription factor CLR-1 is activated through an unknown mechanism by the presence of cellulose to induce expression of the zinc binuclear cluster transcription factor clr-2, which is translated in an active form. Together CLR-1 and CLR-2 are responsible for the expression of genes necessary for the consumption of cellulose, which fall into three broad categories: genes regulated by CLR-1 alone, genes regulated by CLR-2 alone, and genes regulated by both CLR-1 and CLR-2. To screen for activators of the cellulolytic response, we placed a hygromycin-resistance cassette under the control of the pmo-4 promoter, which is regulated by both CLR-1 and CLR-2, and mutagenized the cells using NTG. (B) The indicated mutant cells were inoculated onto solid VMM containing either CMC (an inducing carbon source) or xylan (a noninducing carbon source) as the sole carbon source with or without hygromycin and were allowed to grow for 2 d at 30°C in constant dark and for 5 d at 25°C in constant light. N. crassa growth on CMC is significantly slower than on xylan. The arrows indicate the medium conditions used to screen for mutants that activate the cellulose response in the absence of an inducer. 
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